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Abstract—In this work, we present the concept of planar 
polymer photonic waveguides for the health monitoring of 
aerospace structures. Here a polymer layer is deposited onto the 
material/structure to be monitored. Within the polymer layer, 
waveguides are created after deposition. These waveguides can 
then be used as “optical fibres” for optical fibre sensing 
methodologies. In investigating the use of polymer photonic 
waveguides the question to be answered is: does the strain in the 
test material transfer to the polymer layer, such that the value to 
be measured optically is reliable and indicative of the true strain 
in the test structure? To answer this question we have conducted 
a preliminary structural analysis with finite element analysis, 
utilising ANSYS. A simple aluminium cantilever was used as the 
test structure, and layers of polyethylene with different 
thicknesses were added to this. Result show that the thinner the 
layer of polymer, the more accurate the measured strain will be. 
For a 100um coating, the difference is strain was observed to be 
on the order of 3.3%. 
Keywords—photonic waveguides; structural health monitoring; 
strain; stress, finite element analysis; sensing; optical fibre sensing; 
fibre Bragg grating 
I.  Introduction 
The investigation and implementation of Structural Health 
Monitoring (SHM) systems has been paramount for the 
monitoring of civil structures such as bridges, buildings and 
railways [1,2] in practice. SHM involves the monitoring of the 
mechanical integrity of a structure using a network of sensing 
elements which can be used to infer the source of damage to 
the structure and the location of the damage site, in real time, 
depending on the complexity of the signal processing utilised. 
The ability to create “smart” structures that alert maintenance 
engineers to the presence of minor flaws in these materials has 
the potential to avert disasters and save lives, and significantly 
reduce operating costs through reduced maintenance and 
inspection costs. SHM offers a solution to health assessment, 
safety, maintenance, and management of the structural 
integrity of aerospace structures. 
Despite the success of SHM systems for civil and other 
mechanical structures, and the potential of the technology to 
be applied to the monitoring of airframe structures, there has 
been no penetration of any of the current SHM technologies 
into the commercial aircraft manufacturing industry. This is 
despite the fact that these systems have the potential to 
significantly affect safety and operating costs (through 
improvements in maintenance and inspection processes). As 
such, cost-effective and reliable damage detection in 
aerospace structures is still difficult to implement and perform. 
Studies show that 27% of an average aircraft’s life cycle cost 
is spent on inspection and repair [3]. As well as a reduction in 
maintenance and operating costs of these structures, other 
benefits include increased lifetime of vehicles and aircraft 
(contributing to the goal of ageless aerospace vehicles as 
specified by NASA). The global economic impact in terms of 
ageing aircraft could be significant. The long term solution for 
future commercial aviation is an integrated Structural Health 
Monitoring (SHM) system. The SHM systems proposed are 
intended to detect and monitor any defects, damage, and faults 
in-situ during the life cycle of the aerospace structure. Another 
major goal of these systems is to ensure that structures are 
safe, and the loss of life associated with infamous aviation 
incidents [4] does not occur in the future. 
Optical fibre sensors are a promising technology, and have 
been the investigated for SHM in aerospace for the past 
decade [5]. Of particular interest is the optical fibre Bragg 
grating (FBG) [6]. The FBG offers all of the advantages 
associated with other optical fibre sensors, whilst being ideally 
suited to multiplexing (one of the key advantages of the 
technology) and offering versatility (FBGs can sense almost 
any measurand with a suitable transducer). FBG have 
previously been investigated for their use in the SHM of 
composites [7]. Whilst optical fibres have shown some success 
in SHM systems for civil structures, and there is intensive 
research into this technology for aerospace structures, there 
are still a number of problems associated with this technology. 
These issues include bonding, embedding, and manufacturing 
costs. The proposed solution to these issues is the use of 
planar polymer photonic waveguides in place of traditional 
optical fibres. This involves the deposition of a polymer layer 
onto the material to be monitored, with the waveguides 
created afterwards. The goal of this work is to assess how 
strain in the test material is transferred to the polymer layer. 
This will validate if the strain to be measured optically is a 
true measure of the strain in the test structure. 
II. Theory 
To assess the strain transfer from the test material to the 
polymer layer, a simple static structural analysis of a 
cantilever beam was used. Using beam theory for a simple 
cantilever [8], the Von Mises Equivalent Stress (σ’) can be 
determined. Assuming plane stress this is given as, 
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Assuming a point load at one end, with the other end fixed, the 
problem is simplified greatly, given, τxy = 0, and σy = 0. That 
is,  
 xσσ =′  (2) 
The bending stress at the point (x, y) is then given by, 
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where F is the applied force at the free end of the cantilever 
(in the y direction), L is the length, and 
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Here, b is the width (perpendicular to the load), and h is the 
height (in the direction of the load). The coordinate system is 
such that x is zero at the fixed end of the cantilever, and the y 
is zero in the middle of the cantilever. The maximum value of 
y is then, h/2. Finally, the strain is then given by, 
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where E is Young’s modulus. Substituting (3) and (4) into (5) 
gives, 
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From (6) we can determine the strain at any point in the 
cantilever, as a function of the geometric parameters, the 
applied load, and Young’s modulus. Figure 1 shows the 
geometry of the cantilever beam, depicting all the parameter, 
as well as the coordinate system. 
 
 
Fig. 1. The geometry of a cantilever beam, along the length (a), and the cross 
section (b). 
III. Method 
A polymer layer was bonded to the upper and lower 
surface of the cantilever. The system was modelled in 
ANSYS. The cantilever was made of aluminium, and the 
polymer was polyethylene. The numerical values of the 
parameters used in the simulations are shown in Table 1. To 
assess the effect of the polymer layer, several models were 
constructed. These had polymer layers up to 0.5mm think, in 
0.1mm increments, from no polymer (giving a total of 6 
models). A sample model is illustrated in Figure 2. 
 
TABLE I.  PARAMETERS OF THE CANTILEVER BEAM 
Property symbol Value Units 
Load P 10 N 
Length L 25 mm 
Width b 20 mm 
Height h 5 mm 
Young’s modulus E 71×109 Pa 
 
 
Fig. 2. The cross section of the cantilever, with a 0.5mm thick layer of 
polyethylene above and below the 5mm thick aluminium 
The stress along the cantilever was investigated first, to 
compare the beam theory to the simulation results, specifically 
to determine where along the length the strain should be 
investigated. Next the stress through beam was measured to 
validate the beam theory. Following this, the strain was then 
measured at the ideal location, on the surface of the 
aluminium, and the inner and outer surface of the 
polyethylene, giving three strain values for each model. 
Finally, the applied load was varied to assess the effect this 
had on the strain in the polymer layer. This was performed 
using the model with the 0.5mm thick polyethylene. 
IV. Results 
The output of the static structural analysis is show in 
Figure 3. This is at the mid-plane of the width of the 
cantilever, that is, b/2. The stress along the surface (upper or 
lower) of the cantilever is shown in Figure 4. This data was 
sampled at 32 points along the 25mm length of the cantilever, 
at the midpoint of the y axis, corresponding to nodes of the 
mesh. Along with this data, the result of (3) is also plotted, as 
the theoretical line. 
Next, the stress through the cantilever was measured. 
Again, the nodes of the mesh along the middle of the 
cantilever were used as reference points. As such, 8 data 
points for the internal stress are shown in Figure 5. The 
theoretical values from (6) are also plotted for comparison. 
Once the appropriate location was selected, the strain was 
determined. For the aluminium cantilever, the strain at the 
(17.75, 2.5) mm coordinate was 12.276με, while the 
theoretical value from (3) was 12.267με. Following this, the 
polyethylene layers were added, in 0.1mm increments. A 
sample strain distribution from the FEA is shown in Figure 
6.The results for the measured strain from the surface of the 
aluminium, the inside of the polyethylene layer, and the 
outside of the polyethylene layer, are shown in Figure 7.  
 
Fig. 3. Static structural analysis result, showing the Von Mises equivalent 
stress along the cantilever, in the midplane (z = b/2). 
 
Fig. 4. Von Mises equivalent stress at the surface (y = h/2), at the midplane (z 
= b/2), along along the length of the cantilever, from the FEA, and the 
theoretical value. 
 
Fig. 5. Stress through the height of the cantilever at the midplane in the z 
direction, and with x = 17.75mm. 
 Fig. 6. The strain distribution in the midplane of the 0.5mm polyethylene 
clad aluminium cantilever. 
 
 
Fig. 7. The strain as a function of the polyethylene layer thickness. 
 
Figure 8 shows strain as a function of the applied load. 
Again the coordinate used was (17.75, 2.5) mm. The strain 
was measured at the surface of the aluminium and at the outer 
layer of the polyethylene. The theoretical values as predicted 
by (6) were also plotted. Combining the results from Figure 7 
and Figure 8 we can show how the applied load and thickness 
combine to give the strain. The results of this are show in 
Figure 9. 
V. Discussion 
Figure 4 shows that the FEA model agrees with the 
theoretical value at an x coordinate of approximately 
17.75mm. The reason that the theoretical line does not agree 
with all of the FEA values is likely due to the dimensions of 
the cantilever. That is, the cantilever modelled does not have 
the aspect ratio of a typical bending system, and the 
assumptions used to derive the simple theory are not 
completely accurate. In this case, the FEA model results are 
more accurate. The dimensions were chosen based on the fact 
that a suitable mesh with a reasonable number of elements was 
required, and there is a limit in the aspect ratio of the 
individual elements themselves. That is, a 5:1 aspect ratio 
should not be exceeded for elements in the mesh. As such, the 
0.1mm thickness of the polyethylene layer then places limits 
on the overall dimensions of the structure. With a suitable 
computer a larger structure could be modelled; however, the 
findings will not change, just the agreement with the idealised 
theory. 
 
 
Fig. 8. The strain as a function of the applied load. 
 
 
Fig. 9. The strain as a function of polyethylene layer thickness and applied 
load. 
 
From Figure 5, the results show that the measured values 
from the simulation agree with those of the simple beam 
bending theory. As such, the coordinate (17.75, 2.5) selected 
was an ideal reference point to utilise on the surface of the 
aluminium cantilever for the strain measurements.  
The results in Figure 7 show that the strain at the surface 
of the aluminium is almost equivalent to the strain on the inner 
surface of the polyethylene. This result suggests that ignoring 
bonding issues between the aluminium and polyethylene, the 
strain stain transfer is idea for the purpose of utilising the 
polyethylene layer to measure the strain in the test structure. 
Figure 7 also shows that the thicker the polymer layer, the 
greater the strain at the outer surface. Specifically, there is a 
linear relationship between the thickness and the strain, such 
that a 1 millimetre thick layer of polyethylene would have 
4.467με more strain on the outer surface relative to the inner 
surface. From this, we can determine a condition to limit the 
systematic error in any strain measurement. 
The final step was to assess the effect of increasing the 
loading force, to determine if this affected the sensitivity of 
the strain increase through the polymer layer. From Figure 9 
we can see that the sensitivity of the sensing layer as a 
function of thickness, increases with the applied load (show as 
the increase in the slot from the 1N at the bottom to the 10N at 
the top). The important aspect of this feature is that the 
thickness of the waveguide sensing region needs to be 
controlled precisely to minimise errors associated with the 
variation in sensitivity relative to the thickness. 
VI. Future Work 
Following this stage in the research project (the modelling 
phase) experimental verifications will take place. This will 
involve measuring strain using traditional methodologies at 
the surface of a test structure, and then on top of an added 
polymer layer. This will allow for the effect of bonding 
between the test structure and the polymer layer to be 
investigated. As polyethylene will probably not adhere to the 
aluminium substrate very well, an epoxy resin will be used. To 
facilitate comparison, simulations will be repeated using the 
appropriate polymer materials. For example, epoxy Novolak 
resin polymer has been investigated for use as polymer 
waveguides [9], this should bond well to the aluminium. Other 
materials will be investigated, looking specifically at the 
bonding. 
In general, this work represents the first stage in a much 
larger research project. The goal of the project is the 
development and testing of polymer optical waveguides for 
use in the SHM of aerospace vehicles. This represents a 
paradigm shift in the optical metrology utilised in proposed 
SHM technologies. The fundamental limitation of utilising 
optical fibres in commercial aerospace vehicles for SHM is in 
the incorporation of the technology into manufacturing 
process. That is, in experimental test beds, one off structures, 
the manual addition of optical fibres to an aerospace structure 
is common in research. In terms of real application, when we 
look at the Nishant UAV [10], which uses arrays of optical 
fibre Bragg gratings for SHM purposes, this is a very low 
scale production, with highly labour intensive processes to 
incorporate the SHM fibres into the aerospace structure. Full 
scale production of large transport category aircraft will 
require a technology that can be easily incorporated into the 
fabrication process of the aerospace vehicle. The prospect to 
then add an additional polymer layer, and inscribe waveguides 
into this, is far more viable than manually laying up glass 
optical fibres. This research project will test this hypothesis, to 
determine if polymer optical waveguides represents a more 
viable technological solution to conventional optical fibre 
based SHM. 
VII. Conclusion 
In conclusion, we have demonstrated that the strain in a 
mechanical structure is efficiently transferred into a coupled 
polymer layer. The thinner the layer, the more closely the 
strain through its cross section is equal to that at the surface of 
the mechanical structure. That is, the thicker the polymer 
layer, the greater the variation in the strain to the outer surface 
relative to the inner surface. This result means that the coupled 
polymer layer can be used to measure the strain in the 
mechanical structure. As such, the proposed polymer photonic 
waveguides will facilitate the integration of structural health 
monitoring technologies into large scale airframe 
manufacturing, to increase the service life of future aerospace 
vehicles. 
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